We suggest that ultra-high-energy (UHE) cosmic rays (CRs) may be accelerated in ultra-relativistic flows via a one-shot mechanism, the "espresso" acceleration, in which already-energetic particles are generally boosted by a factor of ∼ Γ 2 in energy, where Γ is the flow Lorentz factor. More precisely, we consider blazar-like jets with Γ 30 propagating into a halo of "seed" CRs produced in supernova remnants, which can accelerate UHECRs up to 10 20 eV. Such a re-acceleration process naturally accounts for the chemical composition measured by the Pierre Auger Collaboration, which resembles the one around and above the knee in the CR spectrum, and is consistent with the distribution of potential sources in the local universe; particularly intriguing is the coincidence of the powerful blazar Mrk 421 with the hotspot reported by the Telescope Array Collaboration.
The Origin of Cosmic Rays
More than one hundred years after their discovery, the origin of the highest-energy extraterrestrial particles still remains one of the most challenging questions in physics. The new generation of telescopes and detectors seems to support the so-called supernova remnant (SNR) paradigm for the origin of CRs below 10 17 eV [e.g., 1]: nuclei can be accelerated in SNR blast waves via diffusive shock acceleration [with efficiency of 10-20%, see 2, 3, 4, 5, 6] in a rigidity-dependent way, so that the maximum energy scales with the ion charge E max ∝ Z, possibly up to the CR "knee" if protons can achieve a few PeV in some young remnants. The imprint of such a dependence on the ion charge is visible in CR data [e.g., 7, 8] , which shows that the chemical composition becomes heavier above the knee as a result of a cut-off in rigidity in the PeV range [9, 6] .
Acceleration of higher-energy CRs up to 10 20 eV, instead, does not have such a prominent source candidate.
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The measurement of UHECR chemical composition is improving dramatically thanks to the increasing statistics and the better reconstruction of extensive atmospheric air showers induced by UHECRs. The Pierre Auger Observatory recently reported a composition compatible with pure protons above 10 17 eV, but not in the ankle region: even below 10 19 eV nuclei heavier than helium are necessary to explain the observed correlation between the depth of shower maximum and the signal in the water Cherenkov stations of air-showers registered simultaneously by the fluorescence and the surface detectors [17, 18] . These findings are not inconsistent with Telescope Array (TA) data, which favor a lighter chemical composition on the whole energy range, if statistics, nuclear interaction models, and pipeline analysis are taken into account [19, 20] CRs, but data support the idea that the chemical composition becomes heavier and heavier with energy, possibly consistent with an iron-dominated population close to the cut-off of the CR spectrum.
Here we summarize the features of a recentlyproposed mechanism for the acceleration of UHECRs in AGN jets that only relies on basic properties of relativistic flows, the espresso mechanism [16, hereafter, C15] . After a brief review of such a model, in which ultrarelativistic AGN jets provide a one-shot re-acceleration of Galactic-like CRs accelerated in SNRs, we discuss the obtained CR spectrum and chemical composition from the knee to the cut-off ( §2) and the possibility of tracing back UHECRs events to local sources. In particular, we assess the consistency of the proposed scenario with the local AGN distribution, also pointing out the coincidence of the TA hotspot above 5.7 × 10 19 eV and the position of Mrk 421 ( §3). Finally, in §4 we calculate the orbits of representative re-accelerated particles in simplified jet structures, showing that energy gains Γ 2 are almost always guaranteed regardless of the jet magnetic structure and initial particle momentum.
The Espresso Acceleration of UHECRs
The main idea behind the espresso acceleration is that energetic particles with gyroradii large enough to cross the boundary between a relativistic flow (with Lorentz factor Γ) and the ambient medium can experience a Compton-like scattering, gaining a factor of ∼ Γ 2 in energy [C15]. Such a one-shot acceleration occurs if the ingoing and outgoing flight directions are uncorrelated [21] , equivalent to the very mild requirement that particles spend at least a fourth of a gyro-period in the flow before being released.
More precisely, we consider fig. 1 as well as discussions on the universality of the knee feature in other galaxies and the efficiency of re-acceleration can be found in C15.
Modeling the whole CR spectrum requires to account for the contributions of (at least) two classes of sources, typically one Galactic and one extra-galactic; a singlesource origin for all of the CRs seems unlikely given the non-monotonic chemical composition as a function of energy. The observed spectrum also depends on the CR production/confinement volume, which varies from Galactic scales below 10 17 eV, to the whole universe up to ∼ 10 19 eV, to the local universe at the highest energies. Yet, the spectrum manages to be quite smooth, without any abrupt jump: this apparent fine tuning re-mains an unsolved question. Where the espresso mechanism succeeds in removing ad-hoc prescriptions is in predicting the observed chemical composition, a feature shared by any other re-acceleration scenario (even ifto our knowledge-this general property has never been put forward before).
In addition to the normalization, CR models must reckon with explaining the observed power law indexes, too. Models of the recent UHECR data favor rather flat spectra ∝ E −1 -E −1.5 [24, 26, 27] , significantly harder than the spectrum of Galactic CRs; no universal explanation has been proposed for such flat spectra in any acceleration scenario. At the zero-th order, the espresso mechanism may be thought to replicate the slope of the knee region (∼ E −3 ) at higher energies, but there are several processes that may alter this expectation, for instance: i) at high galactic latitudes the CRs reprocessed by AGN jets are expected to exhibit a flatter spectrum, especially if spallation losses dominate over diffusive escape [C15] ; ii) seed acceleration at the jet boundary layer [14] , energy-dependent penetration into the jet, and/or a jet with stratified Lorentz factors may systematically favor the re-acceleration of higher-rigidity particles; iii) depending on the value of the intergalactic magnetic field, the extra-galactic spectrum may have a low-energy cutoff that prevents low-energy UHECRs from reaching the Earth in less than a Hubble time [e.g., 28, 29].
Constraints on Potential UHECR Sources
In order to accelerate particles up to 10 20 eV, an accelerator must satisfy three constraints: energetics, luminosity, and confinement. AGNs easily meet these requirements, if the highest-energy particles are heavy nuclei [e.g., 16, 30] . Moreover, UHECR sources must be distributed in the universe in such a way that attenuation processes do not prevent the highest energy particles to reach the Earth, i.e, some sources must reside within the UHECR horizon.
The energy generation rate necessary to account for the UHECR flux above 10 18 eV is [e.g., 31]
Assuming that the density of radio-loud active galaxies is ≈ 10 AGN,bol . Moreover, note that the actual AGN jet power (be it magnetically or kinetically dominated), which fuels both photons and energetic particles, is inferred to be at least one/two orders of magnitude larger than L bol [e.g., 34].
The acceleration up to an energy E max within a dynamical timescale (e.g., the expansion rate of a relativistic flow) requires a minimum source luminosity [35] :
where Γ and βc are the flow Lorentz factor and speed, and Z 26 is the CR charge in units of that of a fullyionized iron nucleus. The jet luminosity of powerful AGNs can easily exceed L min , provided that UHECRs with E max ∼ 10 20 eV are heavy nuclei and that Γ 50. Finally, the Hillas criterion [36] sets the minimum requirements on source magnetic field and size for acceleration up to E max , and reads
where B is measured in µG and the source size R in kpc. Though often considered a confinement criterion (requiring CR gyroradius than R), this constraint in reality expresses the concept that acceleration up to E max requires an induction electric field (∼ βB) to extend over a length R. AGN jets satisfy the Hillas criterion because they are several kpc long and inferred to have fields of several to hundred µG. A straightforward implication of the observed heavy chemical composition is that the UHECR horizon is not set by photopion production on the cosmic microwave background radiation as suggested by Greisen, Zatsepin, and Kuz'min [37, 38] , but rather by photodisintegration [see, e.g., 26, 39, 40] . Surprisingly enough, the two radically attenuation processes make the universe transparent to UHECRs below 10 19 eV and return a comparable loss length at the highest energies, ∼ 100 Mpc at 10 20 eV for both proton and iron nuclei. The directions of arrival of Auger events do not reveal any statistically significant anisotropy [42] , while the TA collaboration has found evidence for a hotspot with significance of 3.4σ (post-trial) in events above 5.7 × 10 19 eV, centered at R.A.=146.
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• 2. Such a quite high level of isotropy may arise just because the Galactic magnetic field of a few µG could significantly deflect the trajectory of particles with rigidities up to 10 19 V [43], i.e., all of the UHECRs if their composition is heavy. Due to our poor knowledge of intergalactic magnetic fields and incomplete understanding of the magnetic structure of the Milky Way, the details of the propagation of UHECRs are uncertain within orders of magnitude. We cannot rule out the possibility that the highest-rigidity particles point directly to their sources, in which case the observed quasi-isotropy would imply that the local universe is populated by a relatively large number of sources.
GRBs are transient events and newly-born millisecond pulsars can act as UHECR sources for a very short amount of time, hence it may be extremely hard to backtrack observed UHECR events to such candidates once the delay due to propagation is accounted for. On the other hand, for any reasonable model of UHECR propagation, the delay between photon and UHECR arrival times is smaller than the typical AGN duty cycles (several million years), so one can in principle try to correlate local active galaxies and UHECR events.
The authors in ref. [44] have looked for correlations between nearby (within 200 Mpc, corresponding to redshift z < 0.05) GeV-bright AGNs in the First Fermi-LAT AGN Catalog [1LAC, 45] and early Auger events, reporting a 5.4σ correlation on a ∼ 17
• angular scale. However, it is not clear whether such a correlation improved with the most recent data from Fermi and Auger. It is interesting to notice that we know only 10 TeVbright AGNs with z < 0.05 [46] : Centaurus A, M87, NGC 1275, and the 7 blazars reported in table 1. Of such 7 blazars, 6 are found in the Northern hemisphere, likely because of the observational strategies of imaging atmospheric Cherenkov telescopes (MAGIC and VER-ITAS in the North, HESS in the South) 1 ; HAWC and possibly CTA will likely improve the completeness of the census of nearby TeV-bright AGNs, but at this moment there is an asymmetry in the coverage of the Auger and TA skies in the TeV band. Figure 2 shows the positions of the 7 blazars in table 1 on top of the map of TA events above 5.7 × 10 19 eV [41] . The most striking feature is that Mrk 421 falls exactly within the TA hotspot (despite the TA discovery paper , while there are no obvious excesses in the directions of the other nearby blazar s, including the very powerful Mrk 501 2 . We will comment below on the relation between local blazars and the espresso mechanism, but it is interesting to point out that Mrk 421 has a bolometric luminosity of L bol ≈ 2 × 10 44 erg s −1 and a luminosity distance of about 134 Mpc: if its jets generated UHECRs as efficiently as photons, Mrk 421 alone could in principle sustain the whole flux of UHECRs detected at Earth (≈ 3 × 10 −10 erg s −1 cm −2 sr −1 above 10 18 eV). The observed quasi-isotropy of the UHECR flux makes this very unlikely, but such a possibility can be seen as an extreme demonstration of the fact that the unsolved problem of UHECR propagation prevents us from fully exploiting the connections between UHECR anisotropy, flux, and source distribution, especially in the heavy composition scenario. The correlation between GeV-selected AGNs and Auger data, and the coincidence of Mrk 421 with the marginally significant (3.4σ post-trial) TA hotspot do not prove any blazarUHECRs connection, but it is definitely not inconsistent with the acceleration mechanism proposed in this paper.
Particle Trajectories in Relativistic Flows
In C15 we studied the orbits of particles gyrating in an infinite relativistic flow with constant magnetic field; here we generalize such a calculation to the more realistic case of a finite cylindrical flow with an arbitrary toroidal magnetic field.
With a change of notation with respect to C15, throughout the paper we indicate quantities in the laboratory and flow frame respectively withQ and Q, and initial/final particle quantities with the subscripts i,f ; also, we pose c = 1. Let us consider a relativistic flow with Lorentz factor Γ and velocity βẑ with respect to the laboratory frame in cylindrical coordinates (r,φ,z). The flow has a radial extent R and a toroidal magnetic field B = −B(r)φ, corresponding to a potential vector A(r) = A(r)ẑ, with A(r) = − r 0 B(r )dr ; (4) thus defined, A(R) = R B r is related to the radiallyaveraged toroidal magnetic field.
Consider the Hamiltonian of a particle with mass m, charge q, and Lorentz factor γ in the flow frame:
where P r = γmṙ, P φ = γmr
2φ
, and P z = γmż + qA are the canonical momenta (the dot indicates the usual time derivative); because the Hamiltonian is independent of t, φ, and z, then H, P φ , and P z are conserved quantities.
We write the momentum of an ultra-relativistic particle with initial energyẼ i in the laboratory frame as
where the cosinesμ i ≡p z /|p| andξ i ≡p r /|p| define the ingoing flight angles with respect to theẑ and −r axes.
Caseξ i = 1: Planar Orbits
Let us consider first particles withξ i = 1, corresponding to P φ = 0 and hence to orbits confined to the r − z plane, which is similar to the case in C15. The energy gain in the laboratory frame reads (C15, eq. 5):
where µ f ≡ p z,f /E. From conservation of P z , one has
and therefore (also E being constant):
By using A(R) = R B r we can introduce the average particle gyroradius R ≡ E/q B r and finally write
The energy gain only depends on r, so if a particle comes back to the initial radius r = R its energy gain will be null. Here we consider that the particle can be released at any time because of an abrupt change in the flow properties (e.g., it reaches the jet's end), so that the orbit can be truncated at any r, when E ≥ 1. In reality, any perturbation of the perfectly-ordered magnetic field considered here would induce some pitch-angle scattering that leads to a net energy gain. Since µ i = (μ i − β)/(1 −μ i β), the particle will almost always enter the jet moving in the −ẑ direction, and penetrate into the jet for ∼ 2R. Let us calculate the maximum energy gain achievable, E max , distinguishing the cases R R/2, in which the particle must cross the entire flow and R R/2, in which the particle "bounces" back to r = R. In the first case, E max is obtained when the particle is on the axis, where A(r = 0) = 0, hence
Large-gyroradii particles can only tap a fraction R R of the usual ∼ Γ 2 boost; the correction (1 − βμ i ) penalizes particles with momenta in the very direction of the flow, provides an extra factor of 2 for backstreaming particles, and averages to 1 for an isotropic seed distribution.
Particles with R R/2, instead, reach E max for a minimum radius r min defined by P r = 0, which means that the momentum is entirely along z (µ f = 1) and so:
The average energy gain along the orbit, E t , obeys E max ≥ E t ≥ E max /2 for any monotonically increasing profile of B(r). In fact, E(t) E max /2 for the part of the orbit with µ > 0, which encompasses more than half of a gyration (B decreases at small radii);
Caseξ i < 1: 3D Orbits
If the particle has a momentum component alongφ, the centrifugal barrier due to its non-vanishing angular momentum prevents it from reaching r = 0, and the orbit has a constant P φ . E max is still achieved when the orbit reaches r min . From energy conservation:
and hence from eq. 7 one gets
where, with the definition in eq. 6 and for E ΓẼ i ,
In the limit of R R one has r min R − 2R, which corresponds to R 2 /r 2 min 1 + 4R/R and eventually
The correction with respect to eq. 12 is small, O(1/Γ 2 ), because p z is boosted in the flow frame, while p φ is not. For the same argument, in the limit of R R the correction to eq. 11 will be negligible, too.
In summary, for arbitrary toroidal magnetic fields and almost regardless of the ingoing angle, particles that enter the flow with energyẼ i are accelerated by a factor of Γ 2 for most of their orbit if their average gyroradius in the flow frame R ΓẼ i /q B r R/2, or up to ∼ Γ 2 R/R for larger gyroradii. SinceR E PeV /B µG pc the full energy gain is expected for all of the Galactic CRs if R Γ/B µG pc, which is not a tight constraint.
If the particle is not released during the first orbit, it will reach r = R after having travelled a distance ∆z ΓT Γ 2R , where T 2πR is the Larmor period in the flow frame. Knee CRs may travel distances as large as a few kpc, comparable with the jet's extent, in a single orbit; lower-energy CRs, instead, will likely enter and exit the jet several times before being released.
The General Case
We consider now a cylindrical jet with Γ = 10 and length Z = 100R, with a toroidal magnetic field
In the laboratory frame, in addition to the boosted field, we add a decreasing magnetic fieldB(r ≥ R, z) = B(R, z)R/r to ensure continuity and allow particles to get in and out of the jet multiple times. A particle with initialγ i = 50 (corresponding to R = 0.1R) is injected into the jet at (r, z) = (R, 0) withμ i = 0 and finite angular momentum due to a non vanishingp φ (ξ i = 0.01, see eq. 6). Its trajectory and energy gain, shown in fig.  3 , are just representative of many possible ones, but for the arguments above we expect almost all of the orbits to lead to similar energy gains. We see that, while the particle is "embroidering" the jet surface, its energy oscillates betweenẼ i and 2Γ 2Ẽ i , as predicted by eq. 12, with an average gain of E t ≈ π/2Γ 2 determined by the chosen profile B(r ≤ R) ∝ r. In this example the gyroradius of the particle becomes larger and larger, until it is released at the jet's end. The effect of the decreasing field is to induce a radial ∇B-drift that does not affect the orbit significantly. Adding a poloidal magnetic field or a different scaling with r, z does not change our main results appreciably.
In reality, relativistic jets are expected to be stratified, their structure depending on the stabilization mechanism [e.g., 47, 48, 49] ; therefore, particles with small R may initially probe only relatively-small Lorentz factors. Then, thanks to magnetic/velocity inhomogeneities, such particles may be energized at any flow crossing, probing deeper and deeper layers while propagating along the jet. The final spectrum of espressoaccelerated particles will hence depend on the jet structure and will be addressed in a forthcoming work [50] .
A Few Remarks
In C15 we discussed the espresso mechanism in relation to other models in the literature, as well as its applicability to environments other than AGN jets; here we outline two additional points not covered previously.
In the calculations above we set B φ < 0, which is required for a charged nucleus to be accelerated toward the jet's end, while in reality the sign of B φ is determined by the current in the jet, which depends on the jet nature (whether it is kinetically/magnetically and hadron/pair dominated). Acceleration with a ∼ Γ 2 boost is in principle possible also if nuclei were shot toward the black hole, even if the intense radiation field close to the AGN may be detrimental for UHECR survival. Note that also CR electrons can be accelerated via the same process, being shot in the opposite direction. Such electrons will suffer prominent synchrotron and inverse-Compton losses: they may not be able to tap the full ∼ Γ 2 boost (or in general to reach multi-TeV energies), but the radiation that they emit in the process may sizably contribute to the AGN luminosity. We will present more quantitative calculations in a future work, but it is worth stressing that the proposed mechanism may represent a very ubiquitous energization process that does not require either shocks or magnetic reconnection.
Concerning the discussion in §3, it is possible that most of the UHECRs that hit the Earth may not come from AGNs that look like blazars: typical jets observed in FR-I and FR-II radio galaxies terminate in several-kpc-wide lobes, with inferred magnetic fields of tens of µG, which are sufficient for isotropizing the relativistically-beamed UHECR distribution expected at the end of ultra-relativistic jet. Therefore, while we might still expect UHECR hotspots coincident with local blazars, a contribution to the quasi-isotropic UHECR flux may also come from nearby non-blazar AGNs with high-Γ jets not pointing directly at us.
In summary, we outlined the properties of the reacceleration of ordinary CRs produced in SNRs in ultra-relativistic AGN jets, suggesting that this so-called espresso mechanism may generate UHECRs. Such a model naturally accounts for the UHECR chemical composition measured by Auger and is consistent with the distribution of AGNs in the local universe, especially with the TA hotspot in events with E 5.7 × 10 19 eV, which coincides with the position of Mrk 421. We have also presented analytical and numerical trajectories of re-accelerated particles in simplified jet structures, confirming that almost all of the particles that make it to the high-Γ region of the jet get an average energy boost Γ 2 .
